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Abstract
DNA, the carrier of genetic information is compacted into nucleosomes,
which regulate access to that DNA. These nucleosomes are themselves
folded into a higher order structure called chromatin. Little is known of
the effect of this chromatin structure on the conformational dynamics of
nucleosomes. Here we introduce a single-pair Fo¨rster Resonance Energy
Transfer (spFRET) method that allows for quantitative measurement of
nucleosome structure in folded fibers through both Fluorescence
Correlation Spectroscopy (FCS) and burst analysis. Preliminary
experiments determined optimal measurement concentrations and
methods of excitation. However, measurements on reconstituted
chromatin fibers showed poor signal-to-noise. We propose several
improvements to enable the study of chromatin dynamics, such as
nucleosome breathing. We expect the work outlined in this thesis to
contribute to greater understanding of both nucleosome and chromatin
structure, and how these regulate the accessibility of DNA to other
molecules and proteins.
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Chapter1
Introduction
DNA carries the genetic information that all eukaryotic organisms require
to develop, grow and function. These organisms require a method with
which to compact this molecule, so it can be contained within a single
cell. To do so, the DNA is wound around specific proteins called histones,
forming nucleosomes. These nucleosomes interact with their associated
DNA through nucleosome repositioning, partial disassociation through
histone dimer release and the transient unwrapping of DNA known as nu-
cleosome breathing, as shown in Figure 1.1A [1, 2]. Nucleosomes in vivo
are organised into a higher-order structure called chromatin. Stacking in-
teractions between nucleosomes in chromatin create compact nucleosomal
structures, with current models describing a two-start helix with a pair of
intertwined stacks of nucleosomes compacted into tetranucleosomes that
form the chromatin’s basic unit [3, 4]. This structuring of nucleosomes
has however been shown to depend highly on linker lengths and presence
of linker histones [5, 6]. Post-translational modifications, the modifica-
tion of proteins after biosynthesis, also influence this process [7, 8]. The
resulting chromatin structure can greatly impact the conformations of its
constituent nucleosomes and DNA. This in turn alters the dynamics of
those nucleosomes. For instance, studies have shown that for some chro-
matin configurations access to DNA target sites is only modestly affected
[9, 10], indicating the presence of an underlying dynamic in the structure
that mediates this access. This point is further illustrated by Figure 1.1B,
showing that these configurations of chromatin are themselves also highly
dynamic, and so conformational changes of chromatin can directly influ-
ence nucleosome dynamics. It is through this dynamic organisation and
compaction that the nucleosome regulates biological processes such tran-
scription, replication and repair by controlling the accessibility of DNA.
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Figure 1.1: Nucleosome dynamics are greatly influenced by chromatin structure
A) Nucleosome dynamics of DNA breathing (top), histone dimer release (middle)
and thermal repositioning (bottom). Possible binding sites (red) for DNA-binding
proteins (grey) are shown. Figure adapted from [11]. B) Different configurations
and timeframes of nucleosome compaction in chromatin. Figure adapted from
[12].
The effect of chromatin structure and dynamics on DNA accessibility
has been studied through many different methods. Electron microscopy
provided one of the first images of a chromatin fiber, as shown in Figure
1.2A. X-ray crystallography revealed the structure of a nucleosome core
particle (Figure 1.2B). These methods however do not resolve the dynam-
ical rearrangements of these structures. Nucleosome unwrapping in chro-
4
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5matin fibers has been extensively researched using optical and magnetic
tweezers [13, 14], but it offers no information on spontaneous nucleosome
dynamics when part of the chromatin structure. AFM (Atomic Force Mi-
croscopy, Figure 1.2C) is also able to measure nucleosome unwrapping.
However the relatively low frame rate, fewer than 50 frames per second,
limits this method’s ability to discern conformation changes occurring at
the millisecond scale [15, 16]. Theoretical interpretations have provided
insight through computational simulations of these structures [17, 18] as
shown in Figure 1.2D, but an encompassing numerical description of these
dynamics is so far unavailable.
Figure 1.2: Chromatin has been studied through many different experimental
methods.
A) Electron microscopy images of native chromatin at high (left) and low (right)
ionic strength. Figure adapted from [19]. B) Crystal structure of nucleosome
core particle, the building block of chromatin. Shown are the DNA (brown and
green) and the histones H3 (blue), H4 (green), H2A (yellow) and H2B (red). Fig-
ure adapted from [20]. C) Nucleosome unwrapping imaged by AFM. Images
labelled by frame number. Image adapted from [21]. D) Visualisation of sim-
ulated condensed chromatin fiber containing 100 nucleosomes. Figure adapted
from [17].
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A method commonly used for measuring conformational changes of
molecules is Fo¨rster Resonance Energy Transfer (FRET). Here energy is
transferred from a donor molecule to an acceptor molecule through non-
radiative dipole-dipole coupling [22]. This occurs through excitation of
the donor molecule, which leads to emission from the acceptor molecule
at higher wavelength. This process is highly dependent on the distance
between the donor and acceptor molecules. The ratio of light emitted by
the donor and that emitted by the acceptor is then a measure for the dis-
tance between the pair. Bulk FRET measurements provide insight into en-
semble properties of the averaged distance between a donor and acceptor
pair that can be attached on a larger structure. For example, Bernier et al.
showed how histone acetylation promotes nucleosome unwrapping using
such a method [23]. This approach does however not allow for character-
ization of the timescales of this process, nor can it resolve the existence of
coexisting conformations. A now commonly used method that does al-
low for this is single-pair FRET (spFRET), where single molecules labeled
with a FRET pair are measured one at a time. This method allows for the
uncovering of both static and dynamic heterogeneities, properties other-
wise impossible to measure in bulk due to the unsynchronised behaviour
of these molecules. It does however require solid statistical analysis, as the
number of measured molecules is orders of magnitude lower than that of
bulk experiments [24].
Many structural and dynamical properties of single nucleosomes have
been investigated using spFRET [25–27]. Koopmans et al. showed that
nucleosome breathing occurs with an equilibrium constant of 0.2 to 0.6 at
the nucleosome end [28]. Recently, Kilic et al. combined spFRET with To-
tal Internal Reflection Fluorescence (TIRF) microscopy to show that folded
nucleosomes in chromatin fibers exhibit short timescale stacking interac-
tions [12]. Thus while the behaviour of mononucleosomes has been stud-
ied extensively both with and without spFRET, and nucleosome stacking
interactions in chromatin have also been investigated [12, 29], there is so
far a lack of research into the effects of chromatin structure on the dy-
namics of DNA-nucleosome interactions. Within this context, the goal of
this research is to determine the effect of chromatin compaction on nu-
cleosome dynamics, more specifically breathing. This implies the move
from measurements on single nucleosomes [11, 28] to chromatin fibers
in which breathing of a single embedded nucleosome will be measured.
Current experimental limitations are primarily the complex nature of the
conformational changes in both lifetime (ranging from milliseconds to mi-
croseconds) and spatial arrangement [30, 31]. We therefore contribute to
6
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7further understanding of this topic through the validation of an experi-
mental method for FCS (Fluorescence Correlation Spectroscopy) and burst
analysis that will allow us to accurately describe these properties, and
through measurements on single-pair FRET labelled DNA and chromatin
constructs.
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Chapter2
Theory
2.1 FRET
FRET is the range-dependent transfer of energy between two light sensi-
tive molecules. The efficiency of this process, defined by the FRET effi-
ciency E, is highly dependent on the distance between donor and acceptor
molecule R and is defined as:
E =
1
1 + ( RR0 )
6
, (2.1)
where R0 is the Fo¨rster radius, the distance at which E = 0.5, which for
commonly used donor-acceptor pairs is usually around 5 nm. E can be
determined experimentally through:
E =
IF
IF + ID
. (2.2)
Here IF is the acceptor intensity when excited at the donor excitation
wavelength and ID the is donor intensity when excited at the donor ex-
citation wavelength. The above equation does not take into account con-
tributions to signal intensity from differences in detection efficiency and
quantum yield γ. Detection efficiency η is the fraction of emitted pho-
tons that is detected. This depends on the properties of the detector and
geometry of the set-up, as well as scattering and absorption from optical
elements. Quantum yield φ is a measure of fluorescence efficiency of the
molecule, defined as the ratio of emitted and absorbed light intensity. The
contribution of differences in detection efficiency and quantum yield from
acceptor and donor can then be defined as in [32]:
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γ =
ηA
ηD
× φA
φD
= ηA/D × φA/D, (2.3)
with ηA,D the detection efficiencies of the acceptor/donor fluorescence
detectors and φA,D the quantum yields of the acceptor/donor labels. Fur-
thermore we can include contributions from spectral leakage β, the detec-
tion of donor fluorescence as acceptor fluorescence (and vice versa), and
direct excitation σ, the excitation of the acceptor molecule at donor excita-
tion wavelengths, to obtain the following equations [33]:
IDcorrected = γ · ID, (2.4a)
IFcorrected = I
F − β · ID − σ · IA, (2.4b)
where IA is the acceptor intensity when excited at the acceptor excita-
tion wavelength. Combining Equations 2.4 and 2.2 produces the corrected
FRET efficiency:
Ecorrected =
(IF − β · ID − σ · IA)
(IF − β · ID − σ · IA) + γ · ID . (2.5)
2.2 FCS
During spFRET measurements fluorescent molecules will move in and out
of the experimental set-up’s confocal volume due to diffusive motion. This
causes the detected fluorescence signal to fluctuate in intensity over time.
In addition, when measuring chromatin fibers consisting of spFRET la-
beled nucleosomes that exhibit conformational dynamics, these will also
contribute to the measured fluctuations. Fluorescence Correlation Spec-
troscopy (FCS) allows us to quantifying these fluctuations and from them
provide us with more information on their underlying processes. All these
fluctuations can be analyzed by correlating the arrival times of all detected
photons:
G1−2(τ) =
〈I1(t) · I2(t + τ)〉
〈I1(t)〉〈I2(t)〉 − 1, (2.6)
where τ is the inter photon period. I1(t) and I2(t) are the photon in-
tensities of channels 1 and 2. These channels independently correspond
to either donor of acceptor fluorescence detection channels. If I1(t) is not
10
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I2(t), we are calculating a cross-correlation. In the case that I1(t) = I2(t),
we are calculating the autocorrelation, and Equation 2.6 reduces to:
G(τ) =
〈I(t) · I(t + τ)〉
〈I(t)〉2 − 1. (2.7)
Both auto- and cross correlations G become = 0 if all photons are uncor-
related. Photons can be sorted by detection channel, but also by the wave-
length the molecule was excited with. For instance, the cross-correlation
function GG514−R514 describes the correlations between photons arriving
in the green detection channel under 514 nm excitation and those arriving
in the red detection channel under 514 nm excitation.
We can categorize the contributions to fluctuations in measured inten-
sity as several components, with contributions to the correlation functions
being multiplicative: Gtotal = G1 · G2 · G3 where G1,2,3 are independent
processes that contribute to the correlation function Gtotal. we use the fol-
lowing equations, adapted from Schwille et al. [34]:
1. The molecule’s diffusive motion:
Gmotion(τ) =
1
Ve f f C
(1 + τ/τD)−1 · (1 + a−2τ/τD)−1/2, (2.8)
where Ve f f is the effective confocal volume, C is the sample concen-
tration. N = Ve f f C is therefore the number of particles in focus. a is
the ratio between axial and radial distributions of the point spread
function and τd is the diffusion time. Diffusion typically occurs at
a timescale of 10−1 & τ3 & 10−5s, depending on the size of the
molecule.
2. Blinking in fluorescence signal from a molecule due to its transition
into a triplet state. This follows an exponential decay:
Gtriplet(τ) = (1 + (P3/(1− P3))) · e−τ/τ3 , (2.9)
where P3 is the average fraction of time a molecule spends in the
triplet state and τ3 is the triplet state relaxation time. Blinking occurs
at a timescale of τ3 ∼ 10−5s.
3. The effects of afterpulsing. In our set-up, we use avalanche photo-
diodes (APDs) to detect incoming photons. They do so by generat-
ing and then measuring an electrical pulse for each arriving photon.
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Afterpulsing is the generation of more than one electrical pulse per
detected photon. This also follows an exponential decay:
Ga f ter(τ) = (1 + (Pa/(1− Pa))) · e−τ/τa , (2.10)
where Pa is the rate at which afterpulsing occurs. τa is the average
period between the first and second measured electrical pulse from
the same detected photon. Afterpulsing occurs at a timescale of τ3 ∼
10−6s.
We can then combine the above expressions to obtain the equation with
which to fit our normalized correlation function:
G(τ) = Gmotion(τ) · Gtriplet(τ) · Ga f ter(τ) (2.11a)
=
1
N
(1 + τ/τD)−1 · (1 + a−2τ/τD)−1/2 · (1 + (P3/(1− P3))) · e−τ/τ3
·(1 + (Pa/(1− Pa))) · e−τ/τa ,
(2.11b)
It is through the fitting of this equation that we can extract the param-
eters relating to both the diffusive and kinetic properties of the molecule
that are relevant to our research, such as diffusion times and sample con-
centrations.
2.3 PIE
The accuracy of spFRET experiment set-ups depends on the photophysi-
cal stability of its fluorophore pair. Photobleaching, the irreversible loss of
fluorescence, and photoblinking, the reversible loss of fluorescence, both
impact the results of a measurement. For instance, photoblinking of the
acceptor will lead to decreased intensity from that fluorophore, which can
be interpreted as a loss of FRET and therefore a change in the inter-pair
distance. A method that alleviates this problem by measuring the fluo-
rescence of both fluorophores quasi-simultaneously is Alternating Laser
EXcitation (ALEX) developed by Kapanidis et al. [35]. Here excitation
of the donor is rapidly alternated with direct excitation of the acceptor
at a microsecond timescale. This allows for the independent observation
of both labels’ presence and integrity. PIE, or Pulsed Interleaved Excita-
tion, is a further development of this method by Mu¨ller et al. [36] that
interleaves both excitations at a scale of nanoseconds. This allows for sub-
microsecond resolution in addition to the advantages offered by ALEX. A
12
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further advantage of PIE is that it can be used in conjunction with both
correlation analysis and burst analysis as described below.
2.4 Burst analysis
Using the principles of ALEX/PIE we can use burst analysis as another
method of quantifying a fluorescent molecule’s properties. This method
evaluates the fluorescence of both donor and acceptor of each measured
molecule, yielding both the FRET efficiency and the stoichiometry. The
stochiometry is a measure of the ratio of acceptor and donor labelling. It
is implemented in the following manner: when measurements are per-
formed at concentrations low enough that only a single molecule is in
the excitation volume at a time, bursts of fluorescence are detected due
to single molecules diffusing into focus. A burst is defined as a series of
at least n consecutive photons that all have an inter-photon temporal dis-
tance smaller than a value ∆t. By exciting these molecules with alternating
excitation wavelengths, the stoichiometry S as well as the FRET efficiency
E can be determined for each burst:
S =
IF + ID
IF + ID + IA
, (2.12)
which when corrected for γ, β and σ becomes:
Scorrected =
(IF − β · ID − σ · IA) + γ · ID
(IF − β · ID − σ · IA) + γ · ID + IA , (2.13)
where IF is the number of photons in a burst that were detected from
the acceptor molecule under donor excitation, ID is the number of pho-
tons in a burst that were detected from the donor molecule under donor
excitation and IA is the number of photons in a burst that were detected
from the acceptor molecule under acceptor excitation. E is as in Equation
2.5 but with IF, ID and IA defined as above. Molecules with only a donor
molecule will have S = 1, and those with only an acceptor will have S = 0.
Figure 2.1 shows a schematic drawing of a 2D histogram of E,S distribu-
tions in which different populations can be identified.
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Figure 2.1: Schematic of E, S-histogram, showing different burst populations
Populations shown are acceptor-only (S <0.2), donor-only (S >0.8), low FRET (E
' 0.1) and high FRET (E ' 0.7). Figure adapted from [11].
14
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Materials and Methods
3.1 Sample preparation
3.1.1 DNA FRET
A DNA FRET construct is a 310 bp DNA molecule with the FRET pair
Cy3b and ATTO647N positioned at one end of the construct, 10 bp apart.
This resulted in a constant FRET efficiency of 50 %. Samples were pro-
duced with PCR using a pGEM (Amp) 3Z plasmid as template. The re-
verse primer contained the FRET pair. The sequence of the forward and
reverse primer as well as the sequence of the complete construct can be
found in Section 7.1.
3.1.2 DNA fiber synthesis and chromatin reconstitution
The DNA of the chromatin fiber consists of seventeen 601 nucleosome po-
sitioning sequences, with each sequence connected by 20bp linker DNA.
The 9th (middle) 601 sequence contains the fluorophores Cy3B and ATTO647N
at 76 base pairs apart. This configuration is chosen so the two fluorophores
are only able to show FRET when they are reconstituted into a nucleo-
some. One fluorophore is placed near the end of the part of DNA wound
around the histone. The FRET pair is then brought together over one turn
around the histone core. Spontaneous disassociation of the DNA from the
histone due to conformational dynamics will then lead to a change of the
distance between the FRET pair, and thus FRET signal. The DNA was
made by first generating two repeats of eight 601 fragments connected by
linker DNA. A 601 sequence containing our FRET pair was inserted be-
tween these two 8x601 constructs, creating an array of seventeen 601 nu-
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cleosome positioning sequences with a FRET pair in middle. This process
is covered in more detail here:
1. 167 bp DNA templates containing a 147 bp 601 sequence and 20 bp
linker DNA were cloned in both pUC18 (Amp) and pUC57 (Kan)
plasmids.
2. Arrays of eight consecutive 167 (8x167) sequences were created in
both the pUC18 (Amp) and pUC57 (Kan) plasmids using the method
described in Wu et al. [37]. This method allows for the creation of
long tandem nucleosomal arrays of the 601 sequence through appli-
cation of two different double restriction digests (DraIII+BstXI and
BglI+BstXI). This resulted in the creation of an acceptor plasmid and
donor plasmid, the products of which were then ligated together
as illustrated in Figure 3.1A. Through this process we iteratively in-
creased the number of 601 sequences with 20bp linker lengths in the
recombinant plasmid. For instance, a 8x167 arrray is created using
two 4x167 arrays as donor and acceptor.
3. A 16x167 array containing two BsaI sites was created by ligating two
8x167 arrays, one from puc18 (Amp) and the other from puc57 (Kan),
after digestion with EcoRI and PciI enzymes.
4. Primers 601A GGA Cy3B and GGA ATTO647N were used to PCR a
601 construct that contains both fluorescent molecules. The sequence
of these primers can be found in Section 7.2.
5. The 16x167 and the single 601 fragment containing the fluorophores
were digested with BsaI. The products were purified and then lig-
ated by T4 ligase. The BsaI restriction ends on the 16x601 array en-
sured that the single 601 fragment ligated into the middle of the ar-
ray. Figure 3.1B shows the final construct.
6. The chromatin fiber was reconstituted by combining the previously
synthesized DNA with human histone octamers through salt dial-
ysis. DNA to histone ratio was varied from 0.9 to 1.7. The opti-
mal reconstitution was selected by evaluation with agarose gel elec-
trophoresis (Figure 3.1C). Fluorescence of the gel was also imaged,
as shown in Section 7.2. These indicated the presence of both fluo-
rophores by observing fluorescence for both Cy3B and ATTO647N
excitation wavelengths. For measurements in Section 4.2 we used
sample B4 with DNA:histone ratio of 1:1.5. Once reconstituted the
16
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chromatin samples were loaded on an agarose gel and imaged after
running for 145 minutes, as shown in Figure 3.2.
Figure 3.1: The chromatin fiber was created by synthesizing DNA containing
multiple 601 sequence repeats.
A) The creation of a 601 array by expanding clones of 601 sequences through a
doubling step. Two seperate double restriction digests are applied to the parental
plasmid to create an acceptor plasmid that is able to accept the desired insert cre-
ated from the donor plasmid. Figure adapted from Wu et al. [37] B) The final ar-
ray, with the 8x167 sequences from puc18 (Amp) and puc57 (Kan) indicated with
I and III respectively. The 1x167 sequence containing the Cy3B and ATTO647N
fluorophores is indicated with II. C) Chromatin reconstitution under different
DNA to histone octamer ratios.
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Figure 3.2: Gel electropherisis of chromatin fiber shows presence of both
spFRET labels.
Gels were loaded in 0.8 % agarose gel and imaged after running at 100V for 145
minutes. The left columns on every gel is the DNA of the fiber before reconstitu-
tion. A) Combined fluorescence. B) G514 fluorescence. C) R632 fluorescence. D)
R514 fluorescence.
18
Version of 26 August 2019– Created August 27, 2019 - 14:07
3.2 FCS measurements 19
3.2 FCS measurements
3.2.1 Single-pair FRET
We used a green-red FRET pair consisting of the donor Cy3B and acceptor
ATTO647N. Each sample molecule contains one such pair, as explained
above. Figure 3.4A shows the excitation and emission spectra of both
donor and acceptor fluorophores.
3.2.2 Flow cell
Samples were injected into a home-built three-channel flow cell shown
in Figure 3.3. The flow cell was assembled through consecutive addition
of plastic stickers to create the cell’s channels, on both sides of which a
coverslip was placed to seal the flow cell. Channels contain 50 µL and
were filled with HPLC-grade water before measurement. One channel is
measured at a time. The flow cell was kept at room temperature before,
during and after measurement. Figure 3.3 shows an image of the used
flowcell.
Figure 3.3: Image of flowcell used for measurements.
Location of sample insertion and measurement are indicated in white. Width of
the measurement channels is 5 mm. Each channel contains 50 µL.
3.2.3 Measurement buffers
Measurements on the DNA FRET construct were done in a buffer of HPLC-
grade water. Initial measurements on the chromatin fiber were performed
in a measurement buffer of HPLC-grade water, 10 mM HEPES pH 7.6, 10
mM NaN3, 0.1% Tween-20, 0.2% Bovine Serum Albumin (BSA), 100 mM
KCl, 4 mM MgCl2. Measurements times of DNA FRET samples were 1
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minute for 80 nM and 40 nM concentrations, 5 minutes for 10 nM to 625
pM concentrations and 15 minutes for lower concentrations. Measure-
ment times of chromatin fiber samples were between 15 and 30 minutes.
3.2.4 Microscope
Measurements were performed on a home-built confocal microscope set-
up, a schematic of which is shown in Figure 3.4B. The set-up used an
iChrome MLE-SFG laser to excite the sample. The beam first passed through
a neutral-density filter (NDF) with optical density 2.0 and was then di-
rected into the flow cell using a z514/640rpc dichroic mirror. The beam
was focused 150 µm above the glass-sample interface within the flow cell
by an Olympus 60x, 1.2 NA, water immersion objective. Emitted fluo-
rescence was transmitted by the aforementioned dichroic mirror and was
spatially filtered by focusing it through a 50 µm pinhole to eliminate out-
of-focus light. It was then split by a 640dxcr dichroic mirror into sep-
arate optical paths for green and red photons that were first filtered by
hq570/100nm and hq700/75nm filters respectively and then detected by
Perking Almer SPCM-AQR-14 avalanche photodiodes (APDs). Signals
from the APDs were processed by a Picoquant TimeHarp 200 photon count-
ing board. Obtained photon arrival times were stored in .t3r file format.
3.2.5 Laser excitation
Laser settings for continuous illumination were 20 mW and 30 mW laser
power for 514 nm and 632nm excitation respectively. The pulse scheme
used for PIE measurements, such as for burst analysis, was a repeat of
four consecutive 100 ns pulses: a 632 nm pulse at 10 mW laser power, a
dark pulse where the laser is off, a 514 nm pulse at 40 mW laser power
and another dark pulse. Detected photons were synchronised with the
excitation state of the laser. Photons that were detected during the pulse
scheme’s two dark pulses were not included in our analysis.
3.2.6 Transmission and detection efficiencies
The transmission spectra of the dichroic mirrors and filters in the optical
path of our set-up, as well as the combined transmission to the red and
green APDs, are shown in Figure 3.4C. Combining the transmissions cal-
culated in Figure 3.4C with the emission spectra of the fluorophores in
20
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Figure 3.4A allows us to quantify the detection efficiencies for the emis-
sion of Cy3B and ATTO 647N under 514 nm and 632 nm excitation. De-
tection efficiency was calculated by integrating the emission spectrum of
each fluorophore at both excitation wavelengths as shown in Figure 3.4D.
It yielded a cross-talk of β = 0.09 of the Cy3B signal under direct 514nm
excitation on the red APD and β = 0.0 of the ATTO647N signal under 632
nm excitation on the green APD.
Figure 3.4: Quantification FCS set-up detection efficiencies.
A) Excitation and emission spectra of the Cy3B and ATTO647N fluorophores.
Also shown are the excitation wavelengths at 514 nm and 632 nm. B) Experimen-
tal FCS set-up showing the optical paths of the excitation laser (yellow), combined
emission (orange) and sorted emission (red and green). C) transmission of used
optical elements. D) Calculated spectral leakage of the emission of Cy3B and
ATTO647N fluorophores under 514 nm and 632 nm excitation.
3.3 Bulk fluorescence measurements
Bulk fluorescence measurements were performed using a Tecan Infinite
M1000 PRO microplate reader. Samples were measured in HPLC-grade
water. 100 µL from each sample was pipetted into two seperate wells of a
Greiner Black 96-well microplate. Samples were excited at 514 nm and 632
nm with 10 nm bandwidth and emissions were measured at 570 nm and
675 nm with 20 nm bandwidth. Results were averaged over both wells
and three measurements.
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3.4 Data analysis
3.4.1 Correlation analysis and fit
Correlations were calculated from the .t3r data files using home-made
Python algorithms. The algorithm calculating correlations made use of
the pycorrelate module developed by Ingargiola et al. [38] Correlations
were fitted to Equation 2.11 using a least-squared minimization curve fit-
ting module developed by Newville et al. [39]. The following initial fit
values were used:
Table 3.4.1 N τD a P3 τ3 Pa τa
〈G〉D 10−3 0.5 0.1 10−5 0.1 10−6
and 〈G〉D the average of G(τ) over 10−3 < τ < 10−4s. Values for N, τD
and a were varied. P3, τ3, Pa and τa were fixed.
3.4.2 Burst analysis
Bursts were calculated from the .t3r data files using the same home-made
Python algorithms as mentioned in the previous section. Bursts were de-
fined as at least n = 100 counts with a maximum temporal gap of ∆t = 1
µs, chosen at this relatively large value to accommodate the dark pulses
from PIE. Correction factors for E and S described in Section 2.1 were ap-
plied according to Equations 2.5 and 2.13 with values γ = 1.0, β = 0.09 (as
calculated in Section 3.2.6) and σ = 0.0.
3.4.3 Concentration analysis
To determine both linear and exponential relations between data points
of number of particles in focus or measured intensities we fit them to the
following model:
N = Nbackground + NlinearC, (3.1)
I = Ibackground + IlinearC, (3.2)
where N is the number of particles in focus, I is the total measured in-
tensity, (N, I)background is the contribution from background fluorescence,
C is the concentration of fluorescent molecules, (N, I)linear is any linear
relation between N or I and C. I from measurements with different exci-
tation power are corrected according to:
22
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Icorrected = (Iuncorrected − I0) PbasePuncorrected + I0, (3.3)
where Iuncorrected is the original uncorrected intensity, I0 is the intensity
measured at C = 0 and Pbase/Puncorrected is the ratio between the laser power
used for the measurement being corrected and the base laser power as
defined in Section 3.2.5.
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Results
4.1 Validation of experimental set-up
4.1.1 Measurements on DNA FRET
Before investigating the considerably more complex chromatin fiber, we
first validated our experimental set-up using a well defined DNA con-
struct. The goal here was to quantify the ability of the set-up to measure
fluorescent molecules under differing conditions such as sample concen-
tration and excitation laser power through both FCS and burst analysis.
We used the DNA as described in Section 3.1.1. This construct was chosen
for its well-defined FRET efficiency of 0.5 due to the fixed 13 bp distance
between donor and acceptor fluorophores. We measured concentrations
between 0 pM and 80 nM. Figure 4.1A shows a typical time trace of a DNA
FRET measurement at 2.5 nM concentration under continuous green (514
nm) laser excitation. We measured both green (IG514 = 21.8 kHz) and red
(IR514 = 20.7 kHz) fluorescence intensities. We then calculated both au-
tocorrelation and cross-correlation functions shown in Figure 4.1B using
Equations 2.6 and 2.7. Correlation functions were fitted with Equation
2.11. A DNA FRET sample with a concentration of 156 pM was then mea-
sured. The time trace is shown in Figure 4.1C and its correlation functions
in Figure 4.1D. Measured intensities were IG514 = 1.5 kHz and IR632 = 1.0
kHz. Note that single bursts of fluorescence are independently discernible.
These are the result of single molecules entering focus through diffusive
motion. Figures 4.1E and F show the time trace and correlation function
of DNA FRET at 2.5 nM concentration, illuminated under continuous red
(632 nm) laser excitation instead. As expected, the vast majority of pho-
tons were detected in the red channel (IG632 = 0.4 kHz, IR632 = 112.8 kHz),
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whereas in the case of green excitation the ratio of red and green detected
photons is closer to 1:1 because E = 0.5. We have shown here that we can
find auto- and cross-correlation functions for sample concentrations rang-
ing between 0.625 pM and 80 nM where separate fluorescent molecules
are both discernible (Figure 4.1D) and indiscernible (Figure 4.1B and F).
The fits of the correlation curves will be discussed below.
4.1.2 FCS analysis of DNA FRET measurements
FCS is highly dependent on the ability to detect fluctuations in signal em-
anating from fluorescent molecules in the measurement set-up’s focus.
These fluctuations are influenced by the number of these molecules in fo-
cus and therefore their concentration. For this reason it is important to find
a range of concentrations where the number of fluorescent molecules in fo-
cus can be determined. Similarly, the measured signal is also dependent
on the number of molecules in focus. We will therefore verify the accuracy
of the concentration as fitted from the correlation functions using Equation
2.11 and the measured signal intensity. Measurements were performed as
described in Section 4.1.1, with concentrations varied between 80 nM to 0
nM through consecutive dilutions. We extracted the number of particles in
focus N from the correlation fit parameters from Equation 2.11. In Figure
4.2 we plot N fitted from the autocorrelation function (top row), the inten-
sity I measured in both the red and green detection channels (middle row)
and the fitted diffusion times (bottom row) for continuous laser excitation.
For instance, we obtained Figure 4.2A by continuously exciting at 514 nm
and used its G514− G514 autocorrelation function to calculate N. Figure
4.2C shows the corresponding intensity I. Figures 4.2B and D show these
quantities under continuous 632 nm excitation and N was calculated with
its R632− R632 autocorrelation function.
26
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Figure 4.1: Auto- and cross-correlations on DNA FRET at different concentra-
tions and excitation wavelengths.
Traces of G514 (green), R514 (blue), R632 (red) and G632 (grey) are shown. Plotted
autocorrelations retain their time trace colour. Calculated correlations are shown
with circles. the fitted correlations according to Equation 2.11 are shown with
continuous lines (right column). A) Time trace of 2.5 nM DNA FRET under con-
tinuous 514 nm excitation. B) Auto- and cross-correlation functions of 2.5 nM
DNA FRET under continuous 514 nm excitation. C) Time trace of 156 pM DNA
FRET under continuous 514 nm excitation. D) Auto- and cross-correlation func-
tions of 156 pM DNA FRET under continuous 514 nm excitation E) Time trace
of 2.5 nM DNA FRET under continuous 632 nm excitation. F) Autocorrelation
function of 2.5 nM DNA FRET under continuous 632 nm excitation.
N and I are expected to scale linearly with the sample concentration.
To confirm this, the measurement data in Figure 4.2 was fitted to Equa-
Version of 26 August 2019– Created August 27, 2019 - 14:07
27
28 Results
tions 3.1 and 3.2. Points at C = 40 nM and C = 80 nM, shown in C and D
with open circles, were excited at lower laser power than is described in
Section 3.2.5 (1.2 mW and 1.0 mW for 514 nm and 632 nm continuous exci-
tations, 0.4 mW and 1.0 mW for 514 nm and 632 nm PIE) to prevent APD
count overflow. Reduced absolute intensity should however not change
the number of particles in focus, so these points were directly included in
the fit for N. They are also included in the fit for I after correction accord-
ing to Equation 3.3. Data points where the number of particles in focus or
diffusion times could not be calculated were omitted. Possible reasons that
N and τD could not be calculated are because fluctuations in fluorescence
can no longer be detected, which is due to either the concentration being
too high (C & 10 nM) or too low (C . 1 pM). In the first case, the contribu-
tions in fluorescence from a single molecule’s fluctuations will become too
small compared to the combined fluorescence of all molecules in focus at
that time. In the second case, there simply was no molecule within focus
within the measurement time. In addition, We find for 514 nm excitation
a large Nbackground that does not approach 0 (Nbackground = 0.3 ± 0.3). This
leads us to believe that at C < 100 pM the contributions from background
fluorescence exceed the DNA fluorescence. Figure 4.2E and F show diffu-
sion times fitted from both G514− G514, G514− R514, R514− R514 and
R632− R632 correlations. For 100 pM < C < 10 nM, we find τD,G514−G514
= 16.8 ± 61.3 ms, τD,R514−R514 = 20.0 ± 83.3 ms and τD,R632−R632 = 11.1
± 12.0 ms. τD,G514−R514 was not included as it only had one data point
where τD,G514−R514 could be fitted. While the calculated errors are large,
they show that diffusion times for the DNA FRET construct are similar
for both 514 nm and 632 nm excitation. Figure 4.4A shows values for E
calculated using Equation 2.5, with β = 0.09 as calculated in Section 3.2.5.
It reveals that for concentrations within the boundaries outlined above,
the FRET efficiency approaches E = 0.5. To conclude this section, we have
shown that both N and τD can be reliably extracted from the fitted corre-
lation curves. These parameters can accurately describe our measurement
sample for 100 pM < C < 10 nM.
4.1.3 PIE
We wish to ensure that correlation functions do not fundamentally change
when the sample is excited according to the PIE pulse scheme described
in Section 3.2.5. Figure 4.3 follows an identical lay-out to Figure 4.2: A and
B show N calculated from the G514− G514 and R632− R632 autocorrela-
28
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tion functions under PIE excitation and C and D show measured intensi-
ties during a 514 nm and 632 nm pulse. Diffusion times are also shown in
E and F. For concentrations 100 pM < C < 10 nM we find that the errors
are again considerable: τD,G514−G514 = 4.8± 316.2 ms, τD,R514−R514 = 15.0±
63.2 ms and τD,R632−R632 = 20.0± 104.4 ms. The FRET efficiency under PIE
is shown in Figure 4.4B. It shows that for the same range of concentrations
used in the section above, the FRET efficiency approaches E = 0.5 for PIE.
We have shown here that the quantities calculated from these correlation
functions do not fundamentally change with excitation scheme (continu-
ous or PIE) or concentration.
The following table shows the computed parameters used in the fits of
Figures 4.2 and 4.3, where ∗ indicates the value could not be calculated.
The measure of goodness of the fit is expressed as χ2:
Excitation Channel Nbackground Nlinear ∗ 10−3 χ2
Excitation Channel Ibackground (kHz) Ilinear ∗ 10−3 (kHz/pM) χ2
Excitation Channel Ibackground (kHz) Ilinear ∗ 10−3 (kHz/pM) χ2
cont. 514 0.3 ± 0.3 1.5 ± 0.0 4.0
cont. G514 1.6 ± 2.5 9.1 ± 0.0 476.9
cont. R514 0.0 ± 7.1 10.4 ± 0.0 453.4
cont. 632 0.0 ± 0.3 4.9 ± 0.1 74.2
cont. G632 0.3 ± 0.0 0.0 ± 0.0 0.1
cont. R632 0.0 ± 50.0 70.6 ± 1.6 18 ·105
PIE 514 0.5 ± 0.3 1.2 ± 0.0 3.0
PIE G514 0.0 ± 2.9 4.5 ± 0.1 794.2
PIE R514 0.0 ± 0.6 5.1 ± 0.6 907.0
PIE 632 3.3 ± 3.4 3.0 ± ∗ 0.3
PIE G632 0.1 ± 0.0 0.0 ± 0.0 0.1
PIE R632 0.0 ± ∗ 10.2 ± ∗ 4.8 ·103
These parameters show that both the green and red intensities for 514
nm excitation scale at similar rates for continuous excitation (IG514,linear =
9.1 Hz/pM, IR514,linear = 10.4 Hz/pM) and PIE ( IG514,linear = 4.5 Hz/pM,
IR514,linear = 5.1 Hz/pM), as is to be expected from E = 0.5. The ratios
between IG514,linear for continuous excitation and IG514,linear for PIE are
also expected to be 2:1, as PIE only excites a fourth of the time that con-
tinuous excitation, but it does so at double the laser power. This is the
case, but it does however not entirely hold true for red, where we expect
IR632,cont:IR632,PIE to be 12:1.
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Figure 4.2: Concentrations, intensities and diffusion times obtained through
FCS are consistent for different excitation schemes.
Number of particles in focus N fitted from autocorrelations (top row), measured
intensities (middle row) and fitted diffusion times (bottom row). Measurements
were performed under continuous 514 nm (left column) and 632 nm (right col-
umn) excitation. A) N fitted from G514− G514 autocorrelation. B) N fitted from
R632− R632 autocorrelation. C) and D) Measured intensities. E) and F) Fitted
diffusion times.
30
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Figure 4.3: Concentrations, intensities and diffusion times obtained through
FCS are consistent for different excitation schemes.
Number of particles in focus N fitted from autocorrelations (top row), measured
intensities (middle row) and fitted diffusion times (bottom row). All measure-
ments performed under continuous 514 nm (left column) and 632 nm (right col-
umn) excitation. A) N fitted from G514− G514 autocorrelation. B) N fitted from
R632− R632 autocorrelation. C) and D) Measured intensities. E) and F) Fitted
diffusion times.
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Figure 4.4: FRET efficiency approaches 0.5 for C > 100 pM.
Dashed line represents E = 0.5. Calculated values of E were corrected using γ =
1.0, β = 0.09 and σ = 0.0. A) Calculated FRET efficiency under continuous laser
excitation. B) Calculated FRET efficiency under PIE.
4.1.4 Burst analysis of DNA FRET measurements
Another way to investigate the fluorescence properties of our sample is
through burst analysis, as outlined in Section 2.4. Figure 4.5A shows a
measurement time trace of 156 pM DNA FRET using PIE, which was also
one of the measurements used in the section above. Detected bursts are
shown in black. We can quantify the properties of these bursts using an
E, S-histogram as shown in Figure 4.5B, with E and S defined as in Equa-
tions 2.5 and 2.13. We observe the primary spot centered around E = 0.5.
Figures 4.5C and D provide the distribution of bursts solely as function of
S or E. If we exclude donor and acceptor only bursts (0.8 > S > 0.2), we
find that 〈S〉 = 0.61, 〈E〉 = 0.49. The average duration of all bursts is 22.9
ms, which is in agreement with diffusion times found through correlation
analysis in Section 4.1.2. The information provided by the burst analysis
here supports that found through the use of correlation functions in both
τD and E, showing us that both methods are viable ways to investigate
fluorescent properties of the measured molecules.
We do however observe a comparative lack of acceptor-only (S = 0) and
donor-only (S = 1) population, indicating there was minimal bleaching of
either of the labels. This implies we should increase the excitation inten-
sity further, increasing our signal-to-noise and improving our statistical
results. This translates to an increase in laser power of both 514 nm and
632 nm PIE pulses. This is further supported by 〈S〉 = 0.61, which when
taken in the context of Equation 2.12 means we should attempt to increase
the signal of the direct excitation of the acceptor (IR632). We also found that
32
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although our largest FRET population had the expected value of E = 0.5,
there was a non-negligible population exhibiting FRET with E < 0.5. This
is most likely due sub-optimal choice of correction factor γ, as γ < 1.0
would lead to an effective increase in E.
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Figure 4.5: Burst analysis of PIE measurement shows largest population at 0.5
FRET efficiency.
Bursts are defined as at least n = 100 counts with a maximum temporal gap of ∆t
= 1 µs between photons. Sample concentration is 156 pM DNA FRET. Correction
factors used for E and S were γ = 1.0, β = 0.09 and σ = 0.0. A) Time trace. Bursts
are shown in black along the I = 0 axis. B) E, S-histogram of the measurement
shows the majority of the bursts at E = 0.5. C) Histogram of detected bursts as
function of S shows peak at S = 0.6. D) Histogram of detected bursts as function
of E shows peak at E = 0.5.
34
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4.2 Measurements on chromatin fibers
Now that we have sufficiently defined our experimental set-up, we will
cover the results of the experiments on the chromatin fiber described in
Section 3.1.2. The goal of these experiments was to observe nucleosome
dynamics of the measured chromatin fiber. We used a measurement buffer
similar to that used by Kaczmarczyk et al., as it had previously been suc-
cessfully used to study chromatin folding [14].
Initial measurements at 625 pM showed considerable background con-
tribution from the measurement buffer in the green detection channel (IG514
= 15.9 kHz, IR514 = 1.4 kHz) for continuous 514 nm excitation, as shown in
Figure 4.6A. Figure 4.6B shows we did not observe a significant increase
in fluorescence under continuous 632 nm excitation (IG632 = 0.4 kHz, IR632
= 0.8 kHz). For reference, intensities of the DNA FRET sample at 625 pM
were: IG514 = 6.8 kHz and IR514 = 6.2 kHz).
Our suspicions were that the BSA was the main contributor to back-
ground fluorescence, so follow up measurements were performed using
the same buffer without BSA, as well as with an increase in the sample’s
chromatin fiber concentration from 625 pM to 2.5 nM. Figures 4.6C and
D show time traces of these measurements under continuous 514 nm and
632 nm excitation. The decrease in green signal is significant (IG514 = 1.3
kHz, IR514 = 0.4 kHz) under continuous 514 nm excitation. No bursts were
detected using burst definitions outlined in Section 3.4.2. Also of note here
is the clear difference in number of distinct peaks above 10 kHz in the 514
nm and 632 nm excitation cases. Such peaks would indicate the presence
of a fluorescent molecule, however since the chromatin fiber contains only
one of each fluorophores, we would expect the rate of occurrence to be
roughly equal when excited at either 514 nm or 632 nm. This is not the
case, with there being considerably more separate instances of green fluo-
rescence than red.
To quantify this, correlation functions were computed, showing con-
siderable variation in both number of particles in focus and diffusion time:
τD,G514−G514 = 5 ± 2 ms, NG514−G514 = 1.86 ± 0.01 to τD,R632−R632 = 15.3 ±
1.5 ms, NR632−R632 = 0.1 ± 0.0. τD,G514−R514 could not be fitted from ei-
ther the data obtained from continuous exposure or PIE, indicating the
absence of FRET (Figure 4.6C). Using PIE, we could however calculate the
G514 − R632 correlation function to determine the correlation between
the fluorophore pair. Fitted parameters were τD,G514−R632 = 21 ± 12 ms,
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NG514−R632 = 1.1 ± 0.0. While the diffusion time does coincide with ex-
pected values from τD,R632−R632, we do note that the chromatin fibre should
be an order of magnitude larger than the DNA FRET construct (DNA
FRET is 310 bp, the DNA of the fiber is 2839 bp, in addition to contain-
ing histones), and therefore we would expect an appropriate increase in
diffusion times, which we do not observe. Furthermore there is a system-
atic error in the fit of both G514 and R632 autocorrelation functions. Both
of these observations can be attributed to the presence of two populations:
most likely that of the spFRET labelled chromatin fiber at low concentra-
tions and that of another type of fluorescent molecule. Comparisons with
measurements on DNA FRET show that NR632−R632 = 0.1 for the fiber is
also much lower than for DNA FRET (NR632−R632 = 8.8 ± 0.4) for C = 2.5
nM. This would indicate a much lower working concentration for the chro-
matin fiber than for the DNA FRET. From these observations it follows that
there is still significant background in the green detection channel, even
without addition of BSA. The results described in this section therefore
lead us to conclude that it is currently not possible to measure nucleosome
dynamics in our chromatin fiber sample due to considerable background,
as well as a low working concentration of chromatin samples.
4.2.1 Bulk fluorescence measurement
To confirm the results found in the previous section, we performed a bulk
fluorescence measurement on all buffer components. Figure 4.7 shows the
results with (A) and without (B) the DNA FRET sample used in Section
3.1.1. It shows us that both Tween-20 and BSA exhibit fluorescence an
order of magnitude higher than that of either the DNA of the chromatin
fiber before reconstitution or the reconstituted chromatin fiber itself at 1
nM. Moreover the fluorescence of the DNA FRET sample at this concen-
tration is much larger than that of the buffer, as we would expect from
our results at the start of this chapter. We have shown here that tween-20
and BSA contribute more to the detected green signal than the chromatin
fiber and that the fluorescence from the DNA FRET sample is greater than
that of the measured chromatin fiber at similar calculated concentrations
(IDNA FRET Ichromatin).
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Figure 4.6: Time traces and correlation functions of chromatin fiber measure-
ments show considerable background noise.
Photons detected by the green and red APDs under 514 nm excitation are
coloured green and blue respectively. Photons detected by the green and red
APDs under 632 nm excitation are coloured grey and red respectively. Plotted
autocorrelations retain their time trace colour. A) Time trace of 625 pM chromatin
fiber measured with the original measurement buffer under continuous 514 nm
excitation. B) Time trace of 625 pM chromatin fiber measured with the original
measurement buffer under continuous 632 nm excitation. C) Time trace of 2.5
nM chromatin fiber measured without BSA in the buffer under continuous 514
nm excitation. D) Time trace of 2.5 nM chromatin fiber measured without BSA
in the buffer under continuous 632 nm excitation. E) Auto- and cross-correlation
functions of 2.5 nM chromatin fiber measured without BSA in the buffer under
continuous 514 nm excitation. F) Auto- and cross-correlation functions of 2.5 nM
chromatin fiber measured without BSA in the buffer under continuous 632 nm
excitation
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Figure 4.7: Tween-20 and BSA contribute considerably to measured fluores-
cence. Fluorescence of the chromatin fiber is substantially lower than that of
DNA FRET
Bulk fluorescence of all measurement buffer components, as well as the chromatin
DNA before reconstitution and the reconstituted chromatin fiber.
38
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Discussion
5.1 Validation of experimental set-up
In Section 4.1 we established an experimental set-up for spFRET mea-
surements. We showed that, using a well defined DNA construct with
fixed FRET pair distance, we could not only produce accurate correlation
curves, but also extract relevant physical parameters from them using both
continuous laser excitation and PIE. In addition, we were able to perform
burst analysis on PIE measurements and through this discern the sample’s
FRET populations.
When considering the results of our FCS measurements, we note that
for 514 nm excitation (Figure 4.1), while the calculated correlation func-
tions share the same shape, just with different amplitudes, we do observe
that the amplitude of the R514 autocorrelation in Figure 4.1B is not the
same as that of the G514 autocorrelation, while we would expect this
to be case since E = 0.5. This would most likely be due a difference in
either detection efficiency or cross-talk, as outlined in Section 2.1. This
would however also impact the cross-correlation, so further experiments
to better characterise the relation between the used fluorophores and the
set-up’s photon detection are required. Other possibilities would be the
bleaching of one of the fluorophores or misalignment of one of the exci-
tation paths, but this would not explain the difference in ratio between
G514− G514/R514− R514 for different concentrations, as shown in Fig-
ures 4.1B and D. Regardless, Figure 4.2 shows our methods’ ability to cal-
culate diffusion times and concentrations through its correlation functions.
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Our burst analysis method showed results in accordance with those
found through correlation analysis, with the distribution of bursts show-
ing the largest population at E = 0.5. It was possible to use the same PIE
measurement data for both correlation analysis and burst analysis. While
results found in both sections for correlation and burst analysis support
the same conclusions on the experimental set-up, there are still distinct
advantages to each respective method: correlation analysis is most useful
for finding conformational changes at small timescales (τ < 1 ms). An-
other advantage is in its statistical power, as it allows for measurements
at higher concentrations (100 pM < C < 10 nM) than those used for burst
analysis (200 pM < C), meaning a larger amount of measured molecules.
Burst analysis in turn allows for monitoring of both spFRET labels, dis-
tinguishing subpopulations based on FRET efficiency and stoichiometry.
More importantly, it allows for the easy identification of multiple subpop-
ulations. While this is also possible for correlation analysis, it requires
prior knowledge of the number of populations to be fitted. Burst analysis
also allows for more precise selection of data, as photons originating from
the background will not be defined as bursts and thus not be included in
the analysis.
For a complete description of our system, further experimental results
quantifying our FRET pair’s correction factor for differences in detection
efficiency and quantum yield γ are required. This value could be obtained
from alternating excitation measurements by determining the relation be-
tween EPR and S for two or more populations, where EPR is E with γ =
1. This method is further described in [33, 40]. Furthermore, experimen-
tal verification of spectral leakage β and direct excitation σ is required.
This can be achieved through independent measurements of each of the
Cy3B-ATTO647N fluorophore pair. These factors would allow for more
accurate results from both correlation analysis through correlation func-
tions adjustments as described in [41], and from burst analysis by allow-
ing for more precise calculations of E and S. This would in turn lead to
improved accuracy with which separate FRET populations can be dis-
cerned. These improvements are particularly important if we desire to
characterize molecules with multiple possible FRET populations at differ-
ent timescales.
40
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5.2 Measurements on chromatin fiber
From the results of the measurements on the chromatin fiber, we can draw
two main conclusions. First, several chemical elements contributed to
background fluorescence, in particular BSA and Tween-20. This was mainly
observed in our green detection channel. Background (auto)fluorescence
usually decreases with wavelength [42], so this is to be expected. This
also explains correlation functions with such divergent diffusion times be-
tween G514 and R632 autocorrelations in Figure 4.6. This does not rule out
contributions from chromatin conformational dynamics to the correlation
function: it is merely that the correlation is dominated by other sources.
One solution to this issue would be to remove the fluorescent com-
ponents from the buffer. This would however no longer allow us to di-
rectly compare our results with those found previously through other ex-
perimental techniques [14]. BSA has also been shown to maintain nu-
cleosome integrity, even at high salt concentrations, so simply omitting
it is not beneficial to the stability of the sample [43]. There have been
several studies on the fluorescent properties of BSA, usually in the con-
text of fluorescence quenching [44–46]. These studies show the presence
of tryptophan residues that can contribute to the measured background
fluorescence. The wavelength of this fluorescence is usually confined to
lower wavelengths (300 to 400 nm), but this has been shown to vary de-
pending on its environment [47]. At these wavelengths the fluorescence
should be filtered by the optical elements of our experimental set-up, de-
scribed in Section 3.2.4, although the properties of several of these ele-
ments are not well described at such wavelengths. A clear next step would
be to investigate the source of BSA used in our experiments, and con-
firm whether our findings are due to properties of BSA itself or just its
preparation. Tween-20 has been shown to quench some red dyes [48],
but is also used in fluorescence measurements [49]. As it is a surfactant,
it is also possible to have encapsulated other fluorescent molecules that
were part of the buffer. While it is usually used to prevent the sticking
of samples to measurement substrates [14], for our technique this is not
required and can most likely be excluded from the buffer. Ultimately solv-
ing these issues would allow for the application of increased excitation
intensities. While this would currently be impossible, as an increase in ex-
citation power would invariably also lead to increased background noise,
a non-fluorescent buffer would mean improved signal-to-noise both di-
rectly through reduced background fluorescence and more indirectly by
allowing for higher signal from the chromatin fiber FRET pair through in-
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creased excitation power.
The second conclusion we can draw from the chromatin fiber measure-
ments is that the effective concentration of fluorescent molecules for our
chromatin fiber sample was in practice far lower than that calculated when
compared to DNAFRET concentrations. This limitation is most likely a
constraint imposed by sample preparation. We suspect material to be lost
during chromatin fiber reconstitution (Section 3.1.2) through sticking to
filters, thus leading to a reduced effective concentration compared to that
calculated after the salt titration. This could be confirmed through bulk
fluorescence measurements before and after chromatin reconstitution. An-
other possibility is the absence of one or both of the fluorophores in the
DNA of the final product. Imaging the chromatin fiber samples under dif-
ferent illuminations after gel electrophoresis as shown in Figure 3.2 does
however indicate the presence of both labels, although both the detection
and cross-talk of this method are considerably less well defined than in
our experimental set-up. As such they only provide us with the indi-
cation that both labels are present, but not at what concentrations. It is
also possible that the experimental set-up had been slightly misaligned
for the measurements on the fiber. This would explain the lack of detected
bursts, as fewer photons would be detected and therefore the inter-photon
rate would increase. Further DNA FRET measurements at concentrations
used previously would allow us to compare these results to those dis-
cussed in Section 4.1, where changes in intensities and correlations might
indicate a change of alignment. To summarise, the combination of high
background fluorescence from the measurement buffer with the low con-
centration of fluorescent labeled chromatin fiber molecules lead to a poor
signal-to-noise ratio for our measurements. This prohibited us from fur-
ther investigating more complex conformational dynamics of the fiber.
5.3 Development of experimental methods
As discussed in this chapter, a clear continuation of the work covered in
this thesis would be further optimization of the experimental methods vis-
a-vis both the chromatin fiber and its measurement buffer. Once com-
pleted, the experimental set-up can then be used for a multitude of ex-
periments. For instance, the effects of chromatin structure and folding on
nucleosome accessibility, conformational dynamics such as breathing and
protein interactions could all be investigated. In the case of nucleosome
42
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breathing, we can already outline a method through which we can apply
both correlation and burst analysis to find nucleosome opening and clos-
ing rates. By dividing the G514 autocorrelation by the G514-R514 cross-
correlation, we eliminate the contributions from the molecule’s diffusive
motion, leaving only kinetic contributions [50]. For DNAFRET, where
there are no breathing dynamics, we would see GG514−G514/GG514−R514
approach a constant at time scales shorter than the diffusion time. For
nucleosomes exhibiting breathing dynamics however, we expect to find a
difference in this ratio between large τ (where the molecule’s open and
closed states are uncorrelated) and small τ (where subsequent photons
will originate from the same state). The transition between the two would
be entirely defined by the rates and lifetimes of the different opened and
closed states. Applying the burst analysis method would ultimately yield
us the same result through the following method: we would find two dis-
tinct burst populations with different FRET values, coinciding with the
opened or closed state of the DNA around the histone core. The relative
ratios of the size of these populations would then provide us with the ra-
tio of length of time the nucleosome is open and closed. These breathing
dynamics have previously been studied in single nucleosomes [51], but
the methods developed here should allow us to measure the effects of the
overarching chromatin structure on this behaviour.
So far, we have used the correlation analysis and burst analysis to com-
pliment the other method but they have also remained separate. While
many have used both FCS and burst analysis before us [2, 28, 52], none
have quantitatively compared the two methods. Further development of
these methodologies could allow us to combine these two techniques to
make better use of their respective strengths and reduce the impact of their
disadvantages. For instance, burst analysis could be used to identify spe-
cific bursts of fluorescence originating from certain subpopulations. These
photons can then be seperately processed through correlation analysis, al-
lowing for more accurate measurements of small timescale dynamics as
we no longer have to process a large number of background photons. This
would allow for measurements with high-background buffers that might
be required for the study of chromatin, such as those containing BSA, as
discussed in the previous section. To our current knowledge this has not
been done before.
Version of 26 August 2019– Created August 27, 2019 - 14:07
43

Chapter6
Conclusion
In this thesis we have developed a single-pair FRET method for measure-
ments on FRET pair labelled DNA, both seperate and reconstituted into
a chromatin fiber. We have shown the ability of this method to extract
concentrations, fluorescence intensities and diffusion times of the labelled
DNA molecule at a wide range of concentrations and methods of exci-
tation using both FCS and burst analysis. Measurements performed on
DNA compacted in chromatin fibers revealed several limitations to the
current approach, namely considerable background fluorescence from the
chosen measurement buffer and low effective sample concentrations. We
offered a multitude of improvements to the methods established here to
allow for a greater signal-to-noise ratio and more accurate determination
of parameters relevant to this research.
Combining the work covered in this thesis and the suggested improve-
ments to its experimental methods will allow us to perform more com-
plete measurements on chromatin fibers, such as investigating the effects
of chromatin structure on nucleosome conformational dynamics. These
can in the same way be quantified by the methods introduced in this the-
sis. Insight gained from these experiments can be used to further our un-
derstanding of the effects of chromatin structure on nucleosome breathing,
as well as specific enzyme and protein interactions.
The correlation and burst analysis techniques developed here can also
contribute to the field, as no other research has so far combined the two
methodologies to make use of their respective strengths to overcome ex-
perimental limitations imposed by the nature of complex and dynamic
chromatin structures.
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Supplementary materials
7.1 DNAFRET
The primers used for the DNAFRET sequence have the following sequences:
• Forward primer 300BsaIbio F with biotin:
5’ bio- ACGCTCAGTGGAACGAAAAC 3’
• Reverse primer RAD14bpfret. Cy3B fluorophore at position 1G, ATTO
647N fluorophore at position 14C:
5’ GATAAATCTGGAGCCGGTGA 3’
The complete sequence for the DNAFRET is:
ACGCTCAGTGGAACGAAAACTCACGTTAAGGGATTTTGGTCATGAGATTA
TGCGAGTCACCTTGCTTTTGAGTGCAATTCCCTAAAACCAGTACTCTAAT
TCAAAAAGGATCTTCACCTAGATCCTTTTAAATTAAAAATGAAGTTTTAA (100)
AGTTTTTCCTAGAAGTGGATCTAGGAAAATTTAATTTTTACTTCAAAATT (100)
ATCAATCTAAAGTATATATGAGTAAACTTGGTCTGACAGTTACCAATGCT
TAGTTAGATTTCATATATACTCATTTGAACCAGACTGTCAATGGTTACGA
TAATCAGTGAGGCACCTATCTCAGCGATCTGTCTATTTCGTTCATCCATA (200)
ATTAGTCACTCCGTGGATAGAGTCGCTAGACAGATAAAGCAAGTAGGTAT (200)
GTTGCCTGACTCCCCGTCGTGTAGATAACTACGATACGGGAGGGCTTACC
CAACGGACTGAGGGGCAGCACATCTATTGATGCTATGCCCTCCCGAATGG
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ATCTGGCCCCAGTGCTGCAATGATACCGCGAGACCCACGCTCACCGGCTC (300)
TAGACCGGGGTCACGACGTTACTATGGCGCTCTGGGTGCGAGTGGC[C]GAG (300)
CAGATTTATC (310)
GTCTAAATA[G] (310)
With [C] and [G] the locations of the ATTO647N and Cy3B fluorophore
respectively.
7.2 Chromatin fiber
The primers purchased from IBA to synthesize the 601 sequence contain-
ing the Cy3B and ATTO 647N fluorophores have the following sequences:
• Primer 601 GGA Cy3B. Fluorophore at position 80G:
GGAGGTCTCAATGGTCACAGGATGTATATATCTGACACGTGCCTGGAGACT
AGGGAG TAATCCCCTTGGCGGTTAAAAGCGGGG
• Primer 601 GGA ATTO647N. Fluorophore at position 26A:
TGGTACGGTCTCGGGAGGACTGGAGAATCCCGGTGCCGAGGCCGCTCAATT
GGTCGTAGCAAGCTCTA
48
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